With tunable bandgap and demonstrated high efficiency, the chalcopyrite CuInSe 2 and its alloys have shown great potential as absorbers for single and multi-junction solar cells. However, the current deposition techniques mostly rely on expensive vacuum-based processing or involve complicated precursor solution preparation. These higher-cost absorber preparation processes make it difficult to commercialize this technology. In this work, CuInSe 2-x S x (CIS) absorbers are deposited using a simple hydrazine-based solution process. Precursor solutions were prepared by dissolving the component metal chalcogenides and chalcogen in hydrazine, forming homogeneous solutions containing adjustable concentrations of desired elements mixed on a molecular level. These precursor solutions are then spin coated on substrates followed by a heat treatment in an inert environment to produce high quality CIS thin films. Significantly, no post deposition selenization process is required using this technique. Laboratory scale devices with conventional glass/Mo/CIS/CdS/i-ZnO/ITO structure have been fabricated using CIS absorbers deposited via this process. For the baseline low-bandgap CIS system with no Ga added (to compare with our previously reported results with Ga incorporated), AM1.5G conversion efficiency of as high as ~9% has been achieved for devices with 0.45 cm 2 effective area.
INTRODUCTION
To make CuInSe 2 and its alloy a feasible photovoltaic (PV) technology, traditional vacuum-based deposition techniques face many challenges including high cost and low throughput. Current solution-based techniques attempt to address these issues, but often run into the same issues. For example, in some cases, multiple steps are required to prepare the precursor particles for solution-based deposition and undesirable oxides have to be introduced into the precursor and later taken out of the system at the cost of an extra reduction and/or selenization process [1] . With hydrazine as solvent [2] [3] [4] , we can develop a much simpler process and only incorporate the necessary components of CuIn(Se,S) 2 into the precursor. For this method, precursor solutions were prepared by dissolving relevant metal chalcogenides and chalcogen in hydrazine, producing homogenous solutions with desired elements mixed on a molecular level. CIS thin films with good crystallinity are demonstrated by simply spin-coating the mixed precursor solutions onto Mo-coated soda-lime glass under an inert atmosphere, followed by a simple heat treatment on a hot plate. PV devices with glass/Mo/CIS/CdS/i-ZnO/ITO structure were fabricated and with efficiencies of as high as ~9% being achieved for devices with 0.45 cm 2 effective area. Compared with our previously published results on high efficiency solutionprocessed CIGS devices [5] , higher currents and lower open circuit voltages were observed for these CIS devices and the overall efficiency was comparable.
EXPERIMENT
Due to the highly toxic and potentially explosive nature of hydrazine, all procedures described here should be performed with appropriate protective equipment to avoid contact with either the liquid or vapors. Unless specified, the following operations, including solution preparation, spin-coating and annealing, were all performed in a nitrogen-filled glove box with water and oxygen levels maintained below 1 ppm.
Although a single final precursor solution with constant ratios between each of the elements can be readily prepared, to conveniently adjust the Cu:In ratio within the final solution and in the final CIS film, two separate precursor solutions were prepared. Solution A containing Cu 2 S was obtained by mixing Cu 2 S (0.9549 g, 6 mmol), S (0.3848 g, 12 mmol) and anhydrous hydrazine (12 mL), leading to a clear yellow solution after several days of stirring. Solution B (In 2 Se 3 ) was prepared by mixing In 2 Se 3 (1.399 g, 3 mmol), Se (0.2369 g, 3 mmol) and anhydrous hydrazine (12 mL), yielding a viscous colorless solution.
The final spin-coating solution was prepared by mixing Solutions A and B in an appropriate ratio to obtain the targeted stoichiometry of the CIS film. Optional extra Se can be added into the solution to compensate the escaped Se during annealing. Extra hydrazine can also be added to obtain a targeted precursor solution concentration. The spin-coating solution was filtered through a 0.2 µm PTFE filter and flooded onto the substrate, which was then spun at 800 rpm for 90 seconds. For device purposes, thick CIS (on the order of 1 µm) are required to sufficiently absorb most of the incident photons. To achieve this thickness, multiple deposition cycles are used. In between successive deposition cycles, the substrates were subjected to an intermediate anneal on a hot plate at 290 °C for 5 min, which drives away hydrazine solvent and forms poorly soluble CIS, preventing re-dissolution during the next cycle. Under the conditions described in this paper, 6-10 cycles of deposition may be needed to produce > 1 µm thick CIS. After all depositions were finished, a final high temperature annealing was implemented to drive away any residue hydrazine and extra chalcogen species and to allow grain growth within the CIS thin films.
All devices fabricated adopted a substrate structure. CIS thin films were deposited on 2.54 × 2.54 cm 2 soda-lime glass pieces (0.1 cm thickness) coated with approximately 750 nm of sputtered Mo. CIS films for device purpose were spin-coated 8 times using the process described above to achieve a thickness of approximately 1.6 µm (as verified using SEM analysis of a film cross section). Final annealing was done at 500 °C for 20 minutes. The n-type junction partner CdS (approximately 50nm thick) was deposited using a chemical bath deposition similar to what is described elsewhere [6] . The CdS side of the substrate was then sputter coated with an approximately 70-nm-thick layer of intrinsic ZnO followed by 180 nm of transparent conductive indium tin oxide. The optical transmission of the ITO layer was maintained above 80% in the visible spectral range while the sheet resistance was as low as ~40 Ω/. Finally, a Ni (50 nm)/Al (2 µm) dual layer top contact grid was evaporated to finish the device.
For each set of devices prepared, sister CIS samples were deposited. For X-ray diffraction, Mo-coated glass was used as substrate and for RBS compositional analysis, thermally oxidized Si was used instead. In the case that the CIS film did not attach well on Si after annealing, samples were deposited on Mo coated glass substrates for PIXE analysis. Powder XRD data were collected using a Siemens D5000 x-ray diffractometer with Cu Kα radiation. Scanning electron microscopy (SEM) pictures were taken using the cross-section of freshly cleaved CIS samples, which were coated with a thin Pd-Au film to prevent electron charging. Rutherford backscattering spectrometry (RBS) was performed using an NEC 3UH Pelletron, with a beam current of 20 nA @ 2.3 MeV. PIXE was performed using the same machine with 1.1 MeV protons.
The finished devices were electrically tested using a Newport Oriel Solar I-V system which consists of a solar simulator equipped with an Air Mass 1.5G filter. The light source was calibrated to 1 sun using an Oriel reference cell calibrated and certified by NREL. Field measurement on a cloudless day was also performed to confirm the measured efficiency of these devices.
DISCUSSION
Complete CIS solar cells are fabricated and characterized for I-V and quantum efficiency properties. Films are also characterized by XRD, RBS and cross-section SEM. Figure 1 shows the X-ray diffraction data of a CIS thin film deposited on a Mo-coated glass substrate. The sample was subjected to a final anneal at 500 °C for 20 minutes in a nitrogen atmosphere. Good crystallinity is noted in the X-ray data and the grains are preferentially (112) oriented. The broad peaks indicated by asterisks are a Mo/Se phase formed at the interface between Mo substrate and CuInSe 2 film [7] . Figure 2 presents the light (AM 1.5G spectrum) and dark current vs. voltage characteristics of two different devices (E2 and A) with CIS absorbers processed using the process described earlier. Efficiencies of up to ~9% were achieved on these devices. External quantum efficiency data were taken on both devices and the results are shown in Figure 3 . Due to the limitation of the tool, the wavelength data beyond 1100 nm was not available. The devices have good current collection for wavelengths below 750nm, while at longer wavelengths the quantum efficiency starts to drop. The better collection efficiency of sample A over sample E2 within the wavelength region between 400 nm and 500 nm is mainly due to the thinner CdS layer of sample A, causing less absorption in the buffer layer. Final film compositions of the two CIS samples measured by RBS or PIXE are shown in Table I . In the case of PIXE analysis, S content was not distinguishable due to peak overlapping. Both films bear a Cu poor composition. 
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In analogy to vacuum-grown CIS, it is generally believed that large grain size leads to less carrier recombination and therefore higher current collection. Scanning electron microscopy was employed to evaluate grain structure and, together with RBS composition analysis, a correlation between composition and grain structure was established. As shown in Figure 4A , large grain size, on the order of microns, can be readily obtained using this hydrazine precursor approach. It is found that this large grain structure correlates to a Cu-rich composition (Cu:In ratio>1), which unfortunately leads to poor performance devices due to adverse shunting. Figure  4B shows the grain structure of a Cu-poor CIS device. The grain size is smaller compared to the Cu-rich ones, but still maintains a reasonable size of a few hundred nanometers. So far, highefficiency devices all bear a Cu-poor composition. Note that, recently, hydrazine-processed CIS devices, deposited on silicon (rather than glass) and with an efficiency of 3.5% (0.13 cm 2 device area), have also been reported by Hou et al. [8] . 
CONCLUSIONS
CuInSe 2 thin films were successfully deposited using a new solution-based technique in which absorber layer deposition involves precursors dissolved in hydrazine. Good crystallinity and grain size were obtained using this hydrazine-based approach. High efficiency, approaching values for devices based on more cost-intensive vacuum-grown CIS, was achieved on devices fabricated using these solution processed absorbers. Comparing to CIGS devices prepared using the hydrazine approach [5, 6] , CIS devices have higher short circuit current but lower open circuit voltage due to the bandgap difference. However the overall efficiency is comparable. The ability to fabricate high-efficiency CIS solar cells further demonstrates the flexibility of the hydrazine-based approach for depositing metal chalcopyrite-based absorber layers and provides further evidence that this approach may offer a low-cost, high-efficiency route to thin-film PV device fabrication.
